The gene Tousled of Arabidopsis Thaliana encodes a protein kinase which, when mutated, results in abnormal ower development. From a library of mRNAs that are translationally upregulated by overexpression of the translation initiation factor 4E, we identi®ed a mammalian Tousled Like kinase (TLK1B). The human TLK1B mRNA contains a 5'UTR 1088-nt-long with two upstream AUG codons, and was found to be very inhibitory for translation. The TLK1B protein localizes almost exclusively to the nuclei. TLK1B overexpression in mammalian cells rendered them more resistant to ionizing radiation (IR). Puri®ed TLK1B phosphorylated histone H3 at S 10 with high speci®city both in a mix of core histones and in isolated chromatin, suggesting that histone H3 is a physiological substrate for TLK1B. Moreover, overexpression of TLK1B in transfected cells resulted in a higher degree of H3 phosphorylation. Expression of TLK1B in a yeast strain that harbors a temperature-sensitive mutation of the major H3 kinase, Ipl1, complemented the growth defect; restored normal levels of histone H3 phosphorylation; and increased their resistance to IR. Phosphorylation of H3 has been linked to the activation of the immediate-early genes upon mitogenic stimulation, and to chromatin condensation during mitotic/meiotic events. A possible role for TLK1B in radioprotection is discussed. Oncogene (2001) 20, 726 ± 738.
Introduction
The translation initiation factor 4E functions as the cap-binding subunit of eIF4F, an ATP-dependent helicase that unwinds excess secondary structure in the 5'UTR (untranslated region) of mRNAs. The lowabundance of eIF4E/F is limiting for the translation of some mRNAs, particularly those with long G/C-rich 5'UTRs and those containing short upstream open reading frames (uORFs) (Geballe and Morris, 1994) . Overexpression of eIF4E results in a speci®c increase in the translation of these weakly competitive mRNAs, many of which encode products that stimulate cell growth and division (for reviews see Sonenberg and Gingras, 1998; De Benedetti and Harris, 1999) . Accordingly, overexpression of eIF4E can result in malignant transformation of cultured cells (LazarisKaratzas et al., 1990; De Benedetti et al., 1994) . While some products overexpressed in cells transformed by eIF4E have been identi®ed, their individual and speci®c contribution to the malignant phenotype has not been elucidated. In an attempt to carry out a systematic identi®cation of all the transcripts that depend on excess eIF4E/4F we have generated a subtraction cDNA library from the heavy polysomes of CHO cells overexpressing eIF4E (CHO-4E; Abid et al., 1999) . From this library we have cloned a transcript corresponding to a previously identi®ed cDNA encoding a protein kinase (KIAA0137; Nagase et al., 1995) identi®ed in the human cell line KG-1, which we refer to as TLK1B throughout this report. This is because this product is a splice variant of a kinase subsequently named TLK1 by another group (SilljeÁ et al., 1999) , for Tousled like kinase, which is accepted name in NCBI. The human TLK1B mRNA contains a 5'UTR 1088-ntlong and two short uORFs, which is characteristic of poorly translated mRNAs. Accordingly, we found that synthesis of this kinase is regulated translationally. This is an unusual mechanism for regulating a protein kinase: at the level of translation rather than activity, although not unprecedented (e.g., c-Mos; Howard et al., 1999) .
The function of mammalian TLK1 is unknown, although its activity was reported to be maximal during DNA replication (SilljeÁ et al., 1999) . The function of the TLK1B splice variant is even less characterized. TLK1 is a member of a novel family of kinases that show signi®cant homology (70% in the catalytic domain) to the gene of Arabidopsis thalliana. Tousled is involved in the development of¯owers and gynoecium, and also in leaf morphology and¯owering time (Roe et al., 1993) . Strikingly, the¯owers of Tousled mutants show a stochastic decrease in the number of organs, and this was linked to defects in cell division and DNA replication, or other aspects of DNA metabolism (Roe et al., 1993) .
In this work, we show that TLK1B expression is elevated in eIF4E-overexpressing cells. Furthermore, TLK1B overexpression in normal mouse mammary epithelial cells signi®cantly increases their radioresistance: a phenomenon previously identi®ed in eIF4E-overexpressing cells, and suggesting a possible explanation for this phenotype.
We also report that TLK1B actively phosphorylates histone H3. Phosphorylation of histone H3 at S 10 is implicated in aspect of chromatin remodeling, both during segregation of chromosomes at mitosis and in aspects of transcription (Hsu et al., 2000; de La Barre et al., 2000; Wei et al., 1999; De Souza et al., 2000) . Phosphorylation of H3 was reported to occur concomitantly with the activation of the immediate-early genes in response to a variety of stimuli (Mahadevan et al., 1991) , and during mitotic chromosome condensation (de La Barre et al., 2000) . The kinases directly responsible for phosphorylating H3 are unknown, although a few candidates have been recently proposed (Thomson et al., 1999; Sassone-Corsi et al., 1999) . The role of TLK1B as a histone H3 kinase was con®rmed by functional complementation of a yeast strain de®cient in H3 kinase activity. Strikingly, overexpression of TLK1B increased resistance to IR even in yeast.
Results

TLK1(B) was identified in a subtraction library made from the heavy polysomes of CHO-4E
We have previously described the construction of a cDNA library representing transcripts that require excess eIF4E for translation (Abid et al., 1999) . Brie¯y, poly(A)-containing RNA from the heavy polysomes of CHO-4E cells provided the source for synthesis of the ®rst-strand of cDNA. After hybridization with an excess of polysomal mRNA from control cells (CHO-BK), transcripts in common were physically removed by selective adsorption of duplexes to glass-milk. The ss-cDNA supernatant was ampli®ed by a PCR method and cloned in the plasmid Bluescript. This strategy is based on the observation that weakly translated mRNAs engage few or no ribosomes in control cells, but are preferentially recruited to the large polysomes upon overexpression of eIF4E. From this library, we have cloned a product that is virtually identical to a transcript generated from the human TLK1 gene (SilljeÁ et al., 1999) . This particular splice variant was previously cloned by another group (Nagase et al., 1995) and named KIA0137. The splice variant of the larger protein (TLK1) is also named PKUb (Yamakawa et al., 1997) and multiple testis transcript (mtt1), as several closely related splice variants are expressed both in human and mouse (Shalom and Don, 1999) .
Expression of TLK1B in cells overexpressing eIF4E
Since the sequence of the transcripts of the TLK1 gene from hamster is not known, we switched to a human breast cell line (MDA-MB435). These cells were transfected with an eIF4E overexpression vector (BK-4E) or the empty vector (BK-Sh), to study the expression of TLK1 and TLK1B. A diagram of the two mRNAs is shown below the Northern in Figure  1a . The larger transcript, TLK1B, has a 5'UTR of 1088 nt and codes for a protein 550 amino acids. The smaller transcript, TLK1, has a 5'UTR of 213 nt and encodes 788 amino acid (the two proteins share the same coding region starting at amino acid 238 of the larger protein). Figure 1a , left panel, is a Northern blot of total RNA that shows the two main TLK1 transcripts in these cells. Note that the two mRNAs are expressed in approximately equal amounts. On the right panel, the distribution of the two mRNAs in the polysomal and non-polysomal fractions is analysed. The shorter transcript is predominantly found in the heavy polysomes (P100) of both cell lines, indicating that this mRNA is eciently engaged in translation. Very little of the larger transcript (TLK1B) is found in the P100 of BK-Sh cells, in contrast to those transfected with BK-4E, indicating that this mRNA requires excess eIF4E for ecient recruitment to the polysomes.
Consistent with the absence of TLK1B mRNA in the polysomes of BK-Sh cells, a Western blot revealed that the corresponding protein (60 kDa) is very weakly produced ( Figure 1b , left panel) and detectable only upon prolonged ®lm exposure. The larger product (82 kDa) from the TLK1 mRNA is synthesized in both cells. In contrast, the 60 kDa is 2 ± 3 times more abundant than the 82 kDa product in BK-4E cells. These results suggest that the translation of TLK1B mRNA is normally inhibited, and that elevating eIF4E relieves this inhibition.
It is highly unlikely that the TLK1B band is a degradation product instead of a correctly initiated product of the TLK1B ORF, since the same product was observed by immunoprecipitation after a short [ A precursor-product relationship would be very unlikely under these conditions because of the short duration of the labeling period. Furthermore, one would have to assume that, somehow, only cells overexpressing eIF4E have a mechanism to generate such a cleavage product. Finally, the TLK1B product synthesized in vivo and isolated by immunoprecipitation comigrated exactly with the in vitro translated product, as in the gel of Figure 3a (data not shown).
TLK1B expression in adult mouse tissues
A Northern blot of murine tissues revealed two main TLK1 mRNAs that are widely expressed (Figure 2a ). The abundance of the two transcripts varied somewhat in dierent organs, with the highest levels in lung, liver, muscle, and testis (after normalization to the b-actin probe). However, due to the previous evidence for translational regulation, the expression of TLK1B at the protein level could deviate signi®cantly from the pattern of mRNA expression. Indeed, while the TLK1 product was highly expressed in all tissues (with somewhat lower levels in brain and liver), TLK1B was expressed mainly in lung, testis, and liver ( Figure  2b) . Notably, testis and liver (but not lung) have higher levels of eIF4E than most other organs (unpublished observations). Another immunoreactive band migrating at about 70 kDa was found in liver, muscle and kidney. As previously mentioned, in mouse there are several splice variants of TLK1 encoding several proteins diering primarily at the amino terminus and in the 5'UTR and 3'UTR. One cDNA was reported to encode a protein of 601 aa with 85% identity to human TLK1B and very similar in size. The 5'UTR of this transcript was reported to be 422 nt long and, assuming it is full-length, it contains two upstream AUGs (GenBank access AF045253). Another splice variant (GenBank access AF045252) encodes a protein of 717 aa, and it could potentially code for the 70 kDa protein.
The 5'UTR of TLK1B mRNA is highly inhibitory for translation in vitro and in vivo To better establish if TLK1B is subject to translational repression and identify the inhibitory elements, a fulllength clone KIAA0137 in the plasmid Bluescript SK + was obtained (Nagase et al., 1995) . The plasmid was linearized at the 3'-end of the insert, transcribed in vitro, and translated in a reticulocyte cell-free system (RRL). For comparison, a deletion of 854 nt in the 5'UTR was also generated, leaving only 234 nt of 5'UTR and removing the two uORFs. The derived plasmid, which we designated TLK1B-5'd, was similarly transcribed and translated in RRL. As shown in Figure 3a , the mRNA with the full-length 5'UTR did not result in any product, demonstrating that its translation is strongly inhibited. The transcript with the large deletion, TLK1B-5'd, was translated eciently ( Figure 3a , lane 3). Another transcript was made with a smaller deletion, (TLK1B-d263), which Cytoplasmic extracts of control (BK-Sh) and BK-4E-transformed cells were sedimented for 4 h through sucrose gradients, to sediment polysomes containing 56 ribosomes (P100), or the rest of the gradient (S100). A representation of the structure of the two transcripts is diagrammed below. (b) Western blot of TLK1 and TLK1B. Cell extracts were prepared by lysis in RIPA buer, and 30 mg of protein were separated on a 10% SDS ± PAGE gel. The blot was reacted with rabbit antiserum raised against the shared carboxyl terminus and developed by enhanced chemoluminescence (left panel B). For immunoprecipitations (IPPT), 10 6 cells were labeled for 15 min, and 100 mg of cell extract was reacted with TLK1 antiserum and adsorbed with Protein A (right panel B). The structure of the two proteins is shown below. Note that TLK1B does not contain a predicted coiled-coil motif at the amino terminus (open square); the ®lled square indicates the predicted nuclear localization signal (Figure 3a , lane 4), indicating that the inhibition is largely due to the two upstream AUGs.
To determine if the same eect was observed in vivo, both the full-length TLK1B and TLK1B-5'd cDNAs were subcloned in the BK-Sh episomal vector (De Benedetti and Rhoads, 1991) and transfected into MM3MG (normal mouse mammary epithelial cells). After G418-selection, the TLK1B-transfected cells were analysed for expression by Western and Northern blot. Cells transfected with full-length TLK1B expressed only very weakly the 60 kDa product, although they synthesized the endogenous 82 kDa product, as do untransfected cells (Figure 3b ). In contrast, the cells transfected with the TLK1B-5'd construct expressed strongly the 60 kDa TLK1B. Furthermore, this experiment showed that TLK1 is equally distributed in the cytoplasm and nuclear fractions, while TLK1B is predominantly nuclear. This was also con®rmed by immunohistochemistry ( Figure 3c ). Although our antisera cannot distinguish between the large and the small TLK1 proteins, it was clear that when TLK1B was overexpressed there was a large increase in nuclear signal in comparison to untransfected cells ( Figure 3c ). In this regard, it is noteworthy that TLK1B does not contain a predicted amino-terminal coiled-coil motif present in TLK1 that could interact with other proteins to retain it in the cytoplasm (Roe et al., 1997) . Northern blot analysis showed that the expression of TLK1B and TLK1B-5'd transcripts in the transfected cells is approximately the same, although the two mRNAs dier in size ( Figure 3d ). This indicates again that the dierence in expression of TLK1B protein is at the level of translation.
Characteristic of cells overexpressing TLK1B and pattern of radioresistance
Overexpression of eIF4E in MM3MG cells resulted in malignant transformation, presumably by increasing the synthesis of speci®c proteins such as TLK1B. We thus wanted to determine if overexpression of TLK1B alone could be responsible for some of the phenotypic changes mediated by eIF4E overexpression. MM3MG cells transfected with the full-length TLK1B, or with TLK1B-5'd, were characterized for alterations of their growth properties. Both cell lines showed slightly increased saturation densities compared to the parental MM3MG, but they did not grow in soft agar, indicating they had not lost the property of contactinhibition. The doubling time and the cell cycle distribution was not appreciably altered (Table 1) . Additionally, neither cell-line was tumorigenic in syngeneic, BalbC white mice, in contrast to cells transformed with eIF4E. However, we knew from previous work that cells overexpressing eIF4E are more resistant to IR and other genotoxic agents (De Benedetti and Harris, 1999; Polunovsky et al., 2000).
It seemed possible that TLK1B could be one product through which eIF4E protects cells from damage by IR.
In Figure 4a , we show that 98% of untransfected MM3MG were killed at 6 Grays in contrast to only 60% of cells transfected with eIF4E (P50.001 by onetailed t-test). At 8 Grays, no MM3MG cells survived, in contrast to &20% of cells transfected with eIF4E (P50.0005). This con®rmed that overexpressing eIF4E signi®cantly increased their radioresistance. Cells transfected with TLK1B (full-length 5'UTR) showed a very similar pattern of radioresistance than cells transfected with eIF4E ( Figure 4b ). More importantly, 50% of cells transfected with TLK1B-5'd, which express approximately 10 times more protein, survived 8 Grays; and 30% survived 10 Grays (Figure 4b ; P50.00001). Therefore, overexpression of TLK1B conferred a dose-dependent protection against IR, although the molecular mechanism for this remains to be elucidated. Furthermore, the protection was higher than that conferred by eIF4E overexpression, as one might expect since the TLK1B protein can be produced in even greater amounts, at least in cells transfected with TLK1B-5'd.
TLK1B is a protein kinase that phosphorylates histone H3
In order to begin the characterization of TLK1B and its possible function, the protein was expressed in bacteria as a GST-fusion and puri®ed by chromatography on a GSH-Sepharose column to about 90% homogeneity (see Figure 5a ). We further demonstrated that the protein was capable of ecient autophosphorylation, as it became labeled in the presence of g- were not appreciably phosphorylated, in contrast to Myelin Basic Protein, which was eciently phosphorylated (data not shown). A kinase assay on a preparation of highly puri®ed core histones from rat liver (Figure 5b , lanes 1 and 2) showed that TLK1B phosphorylated eciently histone H3, but poorly the other histones. To con®rm the identify of histone H3 we carried out an immunoprecipitation using a phospho-speci®c antiserum raised against amino acids 7 ± 20 of histone H3, in which S 10 was phosphorylated. As anticipated, the antiserum captured P 32 -labeled H3 phosphorylated in vitro by the GST-TLK1B ( Figure  5b , lane 3). The phosphorylation was ecient and speci®c, since no TCA-precipitable counts could be recovered in the supernatant fraction following adsorption of the complex on Protein A. The S 10 phosphorylation was also con®rmed by automated massspectroscopy (MALDI-TOF) following in vitro phosphorylation of puri®ed bovine histone H3 with cold ATP, as shown in the tryptic pattern analysed in Figure 5c . The non-phosphorylated peptide S 10 TGGK (MW 449 Da) is indicated by an arrow in Figure 5c , upper panel. After phosphorylation with GST-TLK1B, the signal of this peptide was drastically reduced, with Oncogene Expression of TLK1B: a histone H3 kinase Y Li et al the corresponding appearance of a peak at MW 530, which corresponds to the addition of one phosphate group (indicated by an arrow in the lower panel). Note that a small amount of this phospho-peptide was present before the kinase reaction: presumably the fraction of histone H3 that was already phosphorylated in vivo before puri®cation. No other signi®cant shifts in the mass of other peptides were noted. Therefore, only S 10 was eciently phosphorylated by TLK1B. We also tested if TLK1B could phosphorylate histone H3 on nucleosomes, since this would be the proper physiologic substrate, rather than on isolated Figure 5b , lane 7, TLK1B could phosphorylate eciently histone H3 assembled into chromatin. The identity of H3 was again con®rmed by immunoprecipitation with anti-H3P (lanes 4 and 5). These results are somewhat complicated by the fact that the chromatin preparation had an associated H3 kinase activity. Nonetheless, the addition of GST-TLK1B markedly increased the phosphorylation of H3. We believe that this is the result of a direct phosphorylation of H3 by TLK1B, although we cannot exclude that TLK1B phosphorylates and activates the chromatin-associated kinase, which in turn phosphorylates H3. Finally, we observed on Western blots that the MM3MG cells transfected with TLK1B-5'd, as well as cells transfected with BK-4E, have a higher constitutive level of H3 phosphorylation than control cells ( Figure  5d ). This provides indirect evidence that TLK1B phosphorylates H3 in vivo. Interestingly, we also found that IR results in a decrease in H3 phosphorylation (Figure 5d ). This is probably due to the fact that IR induces a cell cycle arrest in interphase before entry into M, which is the phase of the cycle where maximal H3 phosphorylation occurs (Wei et al., 1999) . The phosphorylation of H3 in cells overexpressing TLK1B or eIF4E, following radiation, was similar to that of the non-irradiated MM3MG control. Therefore, it seems likely that maintenance of H3 phosphorylation following exposure to IR may confer some degree of protection, or enhance repair.
Overexpression of TLK1B in yeast rescues a temperaturesensitive allele of the kinase that phosphorylates histone H3 IPL1 is a Ser/Thr protein kinase whose expression is restricted to M in the mitotic cycle of S. cerevisiae, Biggins et al., 1999) , a period when histone H3 phosphorylation accumulates. Recently it was demonstrated that IPL1 is the major kinase responsible for phosphorylation of H3 at mitosis (Hsu et al., 2000) . Furthermore, defects in Ipl1 result in aberrant chromosome segregation and a high rate of nondisjunction. This, in turn, results in a change in ploidy (Ipl stands for increased ploidy) and loss of viability at the non-permissive temperature (Chan and Botstein, 1993) . Although this has not been directly demonstrated in budding yeast, phosphorylation of histone H3 is required for proper chromosome condensation and segregation in Tetrahymena (Wei et al., 1999) .
We obtained a strain [KT-1970 (Mat a, Leu2, Ura3-52, His3, Trp 1, ipl1-2)] with a mutation in Ipl1 (H-352 to Y), which renders it incapable of growth at For doubling times, the cells were plated as a density of 10 4 cells per well on a 24-well plate, cell proliferation and viability was measured spectrophotometrically after each day with CEllTiter 96 1 AQ ueous Cell Proliferation Assay (Promega). All experiments were performed in triplicate, from which the standard errors were also determined. temperatures above 30 ± 328C. We thus set out to test whether expression of TLK1B in this strain could complement the growth defect by restoring normal levels of histone H3 phosphorylation. We introduced the TLK1 ORF in the low-copy vector Ycp16, under the control of the Gal1 promoter and in-frame with the HA-tag. The empty vector and the Ycp-TLK1 vector were introduced in the KT-1970 strain and selected for growth on plates lacking Trp. Figure 6a shows that after induction of TLK1 expression on galactosecontaining plates the cells were capable of growth at 358C, but not in repressing conditions on YPD (dextrose). This demonstrated that expression of TLK1B complemented the growth defect of KT-1970, presumably by substituting for the functions of IPL1.
We next set to establish whether the ability to grow at 358C correlated with restoration of normal levels of histone H3 phosphorylation. We monitored the state of H3 phosphorylation in asynchronous cultures of KT-1970 in galactose-containing medium at 258C. Cell extracts were prepared, the proteins were separated by SDS ± PAGE, blotted on nitrocellulose and probed Figure  6b , right panels).
Overexpression of TLK1B in yeast increases their radioresistance
Since overexpression of TLK1 provided radioresistance in MM3MG cells we wanted to test if, in addition to complement the Ipl1 defect, the resistance to IR was also increased in yeast. KT-1970 transformed with Ycp-TLK1, or vector control, were incubated with galactose to mid-log to induce expression of HA-TLK1, and subjected to various doses of radiation. Following irradiation, serial dilutions were plated on YPD plates lacking Trp for determination of viability. These clonogenic assays demonstrated that overexpression of TLK1 resulted in a 12-fold increase in viability in cells exposed to the highest dose, 90 kRads. At 60 kRads, there was a threefold increase in viability in cells overexpressing TLK1B, while at 30 kRads the dierence was less obvious and the viability was not greatly impaired in either set. This suggests that, whichever the mechanism of radioresistance might be, some of the TLK1B substrates that confer resistance must be conserved in mammals and yeast.
Discussion
Overexpression of eIF4E can transform cells to a fully malignant phenotype (Lazaris-Karatzas et al., 1990) , presumably by increasing the translation of repressed mRNAs, many of which encode oncogenes and growth promotion factors. To pursue this hypothesis, we embarked on a program aimed at identifying mRNAs that are preferentially translated in cells overexpressing eIF4E. While some of these products have been identi®ed (De Benedetti and Harris, 1999) , their speci®c contribution to the transformed phenotype has not been fully elucidated. We now report the cloning of a cDNA encoding a protein kinase (TLK1B), which speci®cally phosphorylates histone H3 and confers radioresistance when overexpressed.
Elevated histone H3 phosphorylation has been reported in several lines of oncogenically transformed ®broblasts (Chadee et al., 1999) , and it seemed possible that overexpression of TLK1B could mediate some of the phenotypic eects caused by elevated eIF4E. We found that overexpression of TLK1B did not oncogenically transform MM3MG cells, but it could contribute to the development of radioresistant carcinomas. In fact, overexpression of eIF4E has been reported to protect cells from apoptosis induced by serum starvation or genotoxic agents (Polunovsky et al., 1996 De Benedetti and Harris, 1999) . Although the molecular mechanism for this protection has not been elucidated, the most likely explanation is increased translation of some protective/survival factor. It has recently been reported that protection from Myc-induced apoptosis by eIF4E depends in part on cyclin D1 .
Here we have shown that overexpression of TLK1B can explain, to an extent, the capacity of eIF4E-overexpressing cells to survive IR. In fact, overexpression of TLK1B at high level from a vector resulted in even greater resistance than that obtained with elevated eIF4E. One possible explanation for the radioresistance is that TLK1 may be a component of a kinase signaling pathway leading to the induction of DNA repair genes (for a review see Dasika et al., 1999) . Alternatively, it may help bypass an apoptotic signal activated by DNA double-strand breaks (DSBs). This may include the activation of eectors such as ATF2 and GCK/NF-kB, or JNK/p38 stress and DNAdamage kinases, that may antagonize programmed cell death (Ivanov et al., 1999) .
Another intriguing possibility is DNA radioprotection that may depend directly on the phosphorylation of histone H3, and resulting in a higher degree of chromatin compaction. This would reduce the DNA hydration shell and the contact with water where radicals (ROS) induced by IR cause DSBs. A similar phenomenon of chromatin compaction leading to increased radioprotection was described for high levels of polyamines (Newton et al., 1996) . Note that the phosphorylation of H3 in cells overexpressing TLK1B (or eIF4E) following radiation was similar to that of the non-irradiated MM3MG control (Figure 5d) . It thus seems possible that maintenance of H3 phosphorylation during exposure to IR could confer some degree of protection, or promote repair. It is also possible that the phosphorylation of H3 may instead in¯uence the activity of the early response genes, like cfos, c-jun, and c-myc ± a phenomenon known as`the nucleosomal responseÁ (Thomson et al., 1999; SassoneCorsi et al., 1999) . Speci®c phosphorylation of H3 at these loci was detected upon serum stimulation by chromatin immunoprecipitation assays (Chadee et al., 1999) . These early response transcription factors promote entry into S phase and activate some of the genes needed for DNA replication, and hence repair.
It is very intriguing that synthesis of TLK1B should be placed under translational control. The highest rate of TLK1B synthesis was throughout S phase (data not shown), where maximal protein synthesis rates are attained. This observation clearly points to a link between protein synthesis and DNA replication and/or packaging. The time at which synthesis of DNA commences is the most direct indication that the cell is metabolically prepared to undertake the expenses of replication and has reached a critical mass. This threshold includes the assessment of a replicationcompetent enzymatic milieu, where protein synthesis and eIF4E activity are at their peak (Moore, 1988) . Translational regulation of ornithine decarboxylase, the key enzyme in polyamines biosynthesis which are needed for DNA packaging, is one of the best known examples in the ®eld of protein synthesis (Gra et al., 1997; Pyronnet et al., 2000) . Likewise, translational control of TLK1B upon DNA replication or damage would be very advantageous because of the rapidity of such a response, which does not require de novo gene expression.
Highly related Tousled-like genes can be found in several animal species, several of which encode multiple transcripts resulting in dierent protein isoforms (Shalom and Don, 1999) . Mutations of Tousled in A.Thaliana produce a complex phenotype characterized by speci®c defects in development of leaf and¯oral organs (Roe et al., 1993) . It is believed that Tousled may be a component in a signal transduction pathway controlling cell proliferation and DNA snythesis during organogenesis. It seems possible that the mammalian TLK1 and TLK1B play similar roles in DNA metabolism and/or chromatin structure. The human TLK1B splice variant (KIAA0137) was ®rst identi®ed during the random cloning of novel cDNAs from the human cell line KG-1 (Nagase et al., 1995) . TLK1 was also cloned during a PCR-based search for human kinases (SilljeÁ et al., 1999) , and independently from an expression library screened on the basis of autophosphorylation activity (Yamakawa et al., 1997; named PKUb by these authors). We have cloned TLK1B with a completely dierent screen, based upon polysomal redistribution of weakly translated transcripts that become preferentially recruited upon overexpression of eIF4E. We have subsequently found that TLK1B is synthesized eciently in several cell lines overexpressing eIF4E (data not shown), and we have presented several lines of evidence to con®rm its translational regulation.
Despite the independent cloning of Tousled-like kinases in dierent organisms, little is known about the function of these enzymes. Clearly their predominantly nuclear localization indicates a function related to DNA metabolism (SilljeÁ et al., 1999; Yamakawa et al., 1997) . This is also inferred by the fact that TLK1 activity was reported to be maximal during S phase (SilljeÁ et al., 1999) . We found upon fractionation that the TLK1B product is predominantly nuclear, whereas TLK1 is equally distributed in the nuclear and cytoplasmic compartments (Figure 3) . Therefore, TLK1 may have an additional cytoplasmic role. Whether TLK1B has another nuclear role beside that of phosphorylation of histone H3 is not known.
Considering that the basic mechanisms of DNA metabolism and cell ± cycle progression are highly conserved in eukaryotes (Waga and Stillman, 1998), it is not surprising that TLK homologs are found in many organisms, including yeast. In particular, the yeast kinase Cdc5 has 29% identity over 357 residues, and Pkh2 has 28% identity over 322 residues. Cdc5 is a protein kinase that functions at the G2/M boundary. It is dispensable for premeiotic DNA synthesis and recombination, but required for tripartite synaptonemal complexes, haploidization, and formation of spores. Pkh1 and Pkh2 are functional homologues of mammalian PDKs (PI3-dependent protein kinases) and at least one of them is essential for viability (Casamayor et al., 1999) . They are presumed to participate in MAP kinase dependent pathways. In contrast, no signi®cant homology was found with IPL1, except for residues in the core catalytic domain, despite the fact that TLK1 can complement a defect in IPL1 function. As demonstrated in Figure 6 , expression of TLK1 in the KT-1970 cells restored growth at 358C and normal levels of H3 phosphorylation: the lack of which is presumed to be a cause of aneuploidy, with consequent loss of viability.
The kinases responsible for phosphorylating histone H3 during mitosis or the nucleosomal response in mammalian cells are the subject of active investigation. Gene disruption in murine embryonic stem cells, and genetic evidence from Con-Lowry syndrome, has implicated Rsk-2 as the kinase directly responsible for phosphorylating H3 following mitogenic stimulation (Sassone-Corsi et al., 1999) . More recently, another kinase (MSK1) was reported to phosphorylate H3 more eciently and be sensitive to the kinase inhibitor H89, which impairs the nucleosomal response; whereas Rsk-2 was insensitive to this inhibitor (Thomson et al., 1999) . However, it now seems clear that several families of H3 kinases exist (e.g., Ipl1/Aurora and NIMA), and may be involved in dierent or partially overlapping functions (Hsu et al., 2000; De Souza et al., 2000) . We have clearly shown that recombinant TLK1B phosphorylates H3 at the physiologic site (S 10 ). Furthermore, it can do so with high speci®city in a mix of core histones; and in cells overexpressing TLK1B we found increased levels of H3 phosphorylation. These ®ndings, as well as the genetic complementation data, strongly suggest the inclusion of the Tousled family of kinases to the list of H3 kinases. Therefore, studies of the Tousled kinases are bound to become the center of much attention.
Materials and methods
Construction of the subtraction cDNA library of cells overexpressing eIF4E
This was described in Abid et al., 1999 .
Sequencing of clones and computer analysis
cDNA inserts from the clones were sequenced on both strands using Sequenase II (USB), and derived sequences were analysed by Blast (GenBank, National cell Biology Institute, NIH). The original TLK1B clone from CHO-4E cells was 89% identical to nt 1670 ± 1860 of human KIAA0137 (GenBank access # D50927.1); 80% to nt 1741 ± 1921 of mouse mtt1 (GenBank # AF045253); and 87% to nt 1543 ± 1582 of A. Thaliana Tousled (GenBank # L23985).
Cell lines, tissue culture and stable transfections
Chinese hamster ovary cells stably transfected with BK or BK-4E episomal vectors were cultured as described previously (De Benedetti et al., 1994) . Normal mouse mammary epithelial cells, MM3MG, and human MDA-MB435 were purchased from the ATCC. For transfections, cells were grown to 60% con¯uence in 100 mm diameter dishes. Lipotransfections were performed with GenePorter (Gene Therapy Systems, San Diego, CA, USA) and 10 mg of plasmid DNA (either BK-4E, BK-TLK1B or BK-TL1B-5'd), according to the manufacturer. After 4 h of incubation in serumfree medium, 5 ml of DMEM containing 20% serum was added to the cells for a total of 10 ml. After 2 days, 400 mg/ ml of Geneticin (Gibco-BRL) was added to the cells to select stably transfected cells. Once stable transfectants were obtained, the cells were maintained in 200 mg/ml of Geneticin.
Vector/plasmid constructions
The plasmid KIAA0137 (GenBank access # D50927) containing the full-length cDNA of the human TLK1B cloned in BS-SK + was generously provided by Dr Takahiro Nagase (Kazusa, DNA Research Institute, Chiba, Japan). The plasmid was cut with SalI and EcoRI (encompassing the ORF, 1088 bp of 5'UTR, and 603 of 3'UTR) and was Oncogene Expression of TLK1B: a histone H3 kinase Y Li et al subcloned in the polylinker of the episomal vector BKShuttle (BK-Sh; De Bendetti et al., 1994) , cut with XhoI and EcoRI. The TLK1B-5'd construct was prepared by cutting KIAA0137 with Hae3 and EcoRI (leaving 234 nt of 5'UTR), and inserted in the plasmid BS-SK + cut with EcoRV and EcoRI to generate BS-TLK1B-5'd. The insert was then isolated from BS-TLK1B-5'd with SalI and EcoRI and subcloned in BK-Shuttle cut with XhoI and EcoRI in the polylinker. The smaller deletion (TK1B-d263) was created by cutting with BamHI at position 236 of the 5'UTR in the plasmid KIAA0137 and SalI in the polylinker of BS-SK + (at the 5' end of the insert). The restriction cuts were repaired with Klenow polymerase and dNTPs, and the blunt ends of the plasmid were resealed with T4 DNA ligase. To generate the GST-TLK1B fusion, the TLK1B ORF was ampli®ed by PCR with the primers: 5'-CGGGATCCAAAATTATTCA-GACTGATC-3'; 5'-GGAATTCTGGAGGASAGTCAG-TAAGT-3', containing a BamH1 and a EcoRI tail, respectively. The PCR pro®le was: melting, 948C for 1 min; annealing, 508C for 1 min; extending, 728C for 1.5 min. The TLK1B PCR product was cloned in the plasmid PGEX-4T, cut with the same enzymes. This places the TLK1B ORF inframe with the GST to generate the plasmid GST-TLK1B. To generate the Ycp-TLK1B plasmid, the TLK1B ORF was cleaved from GST-TLK1B with BamHI and NotI and inserted into the same sites of the yeast centromeric vector YCpIF16, in-frame with the HA-tag at the N-terminus.
Preparation of nuclear and cytoplasmic extracts
Typically, 5610 7 packed cell were resuspended in two volumes of lysis buer (50 mM KCl; 50 mM HEPES pH 7.6; 1 mM EDTA; 1 mM DTT; 5% Glycerol). After 5 min on ice, the cells were lysed with 5 ± 10 strokes in a Dounce homogenizer. The nuclei were sedimented at 3000 g through a cushion of 15% sucrose, and the cytoplasm was cleared of cell debris at 30 000 g. The nuclei were resuspended in lysis buer at a protein concentration of 5 mg/ml, and sonicated with three 5 s pulses and immediately frozen.
Polysomal RNA isolation and analysis MDA-MB435 cells stably transfected with BK-Sh or BK-4E were brie¯y treated with cycloheximide at a ®nal concentration of 150 mg/ml (Sigma) to freeze the ribosomes, and harvested with 2.5 mM EDTA in PBS. The cytoplasmic fraction (described above) was centrifuged for 4 h at 100 000 g on a 15 ± 40% sucrose gradient, to pellet particles with a sedimentation value of 56 ribosomes (P100). The supernatant (fewer than ®ve ribosomes) was termed S100. For isolation of RNA from the S-100, the supernatant was mixed with an equal volume of 3% CETAB (Cetyltrimethylammonium bromide, Sigma). RNA was precipitated by centrifugation at 30 000 g. The next steps were similar for extraction of RNA from S-100 and P-100: the precipitates were redissolved in 200 ml of 5 M guanidium-HCl and extracted with phenol/chloroform. The RNA was precipitated with ethanol, washed, dried, and redissolved in 200 ml DEPC-H 2 O. For Northerns, the RNA was denatured with glyoxal/ DMSO, separated on 1.3% agarose gels and transferred to Immobilon-Ny + membrane (Millipore). The membrane was prehybridized with 7% SDS, 0.5 M Na 2 HPO 4 (pH 7.4), 10 mM EDTA, at 458C for 3 h, and hybridized overnight at 458C in the same buer containing the appropriate riboprobes labeled with a 32 P-UTP (ICN). A TLK1 probe that hybridizes with man, mouse, and hamster transcripts was generated by digesting KIAA0137 in BS-SK + with PstI and transcribing with T3 RNA polymerase. Cutting with XhoI (in the 3'UTR) and transcribing with T3 RNA polymerase generated a probe speci®c for human TLK1.
In vitro transcriptions and translations
In vitro transcription reactions were performed according to the manufacturer (Promega). Constructs linearized at the 3' end with NotI were used directly in transcription reactions with T7 RNA polymerase (Promega) in the presence of NTPs and m7GTP. Transcripts were analysed on agarose gels and their concentrations were estimated by ethidium bromide staining. Equal amounts (&100 ng/ml) were used to program rabbit reticulocyte lysate (RRL, Promega). Translation reactions were incubated at 308C for 1 h, and the products, labeled with 35 S-TranSlabel (ICN) were separated on a 10% SDS ± PAGE gel. The RRL was diluted 1 : 2 ®nal in reactions. The signal was visualized by¯uorography with DMSO-PPO.
Preparation of GST-TLK1B
The plasmid GST-TLK1B was introduced in BL21-codon + cells, and synthesis of the protein was induced for 4 h with IPTG when the culture reached 0.4 OD 260 . The protein was puri®ed from bacterial extracts on GSH-Sepharose, as indicated by the manufacturer (Pharmacia Biotech.). A preparation of GST was also produced by the same method.
Kinase assays and phospho-peptides mass identification
These reactions contained 20 mM HEPES (pH 7.4); 10 mM MgCl 2 ; 1 mM DTT; 20 mM glycerol phosphate; and 50 mM [g-32 P]ATP (2 Ci/mmol); 0.2 mg of GST-TLK1B and 10 mg of the indicated substrates, in a ®nal volume of 20 ml. Casein, Myelin Basic Protein, and bovine-brain histones were purchased from Sigma. A preparation of rat-liver histones was a kind gift of Dr Sidney Grimes, VA Hospital in Shreveport, LA, USA. Chromatin was prepared by controlled digestion of nuclei with micrococcal nuclease, as described in Gross et al. (1985) , and checked on an agarose gel for presence of the 150 bp-ladder (not shown). For identi®cation of the phospho-peptides by mass spectroscopy, 10 mg of calf thymus histone H3 (Boehringer Mannheim) was reacted as above, and re-puri®ed as a gel-slice from a 15% SDS ± PAGE. The protein was trypsinized in situ, and peptides were extracted with 50% acetonitrile and 5% TFA. The digest was dried, resuspended in a minimal volume of matrix (a cyanohydroxy cinnamic acid) and analysed by MALDI TOF with a Voyager-De Pro (Perceptive Biosystems) at the Research Core Facilities of LSUHSC, Shreveport, LA, USA.
Immunoprecipitations and Western blots
For pulse-labeling of the proteins, 0.3 mCi/ml of [ 35 S]methionine was added to wells for 15 min, after which the label was removed and the cells were lysed in RIPA buer (150 mM NaCl; 1% Triton X-100; 0.2% SDS; 5 mM Tris pH 8.0; 0.1 mM PMSF; 2.5 mM EGTA).
For immunoprecipitations, 5 mg of rabbit antisera were used, and 15 ml of Protein-A (Sigma) and incubated on ice for 1 h. After extensive washing in RIPA buer, the precipitate was dissolved by boiling in Laemli sample buer. The antiserum to TLK1 used in initial experiments was a kind gift of Dr Takayasu Date, Kanazawa Medical School, Japan. A second rabbit antiserum raised against GST-TLK1B was prepared in our laboratory. The two antisera gave similar reactivity on Western blots, but our antiserum gave better signal/background results by immunohistochemistry. The anti-histone H3 and phospho-speci®c H3 sera were from Upstate Biotechnology, Lake Placid, NY, USA. Secondary HRP-conjugated anti-rabbit serum was from Sigma. For Western blots, 20 or 30 mg of protein of each sample was separated on a 10% SDS ± PAGE gel. The proteins were transferred to Immobilon-P membrane (Millipore), and incubated for 1 h each with primary and secondary antisera (1 : 1000 dil.). Finally, the membranes were washed three times and developed by chemoluminescence (ECL, Amersham).
Radiation experiments
Mammalian cells The four cell lines MM3MG, MM3MG-TLK1B, MM3MG-TLK1B-5'd, and MM3MG-4E (transformed with BK-TLK1B, BK-TLK1B-5'd, and BK-4E) were harvested with PBS/EDTA and adjusted to 10 000 cells/tube in DMEM/10% FCS. The experiment was performed in the Radiation department at LSUHSC. Four each radiation dose levels were used (0 ± 10 Gray). Dierent numbers of cells (100, 200 and 500) were plated on 6-well plates in triplicate. After a period of 10 days of incubation, the wells were rinsed with PBS, ®xed and stained with crystal violet, and the colonies counted. The results were expressed as percentage of the number of colonies formed in the non-irradiated samples (plating eciency).
Yeast
KT-1970 cells transformed with either an empty vector (Ycp16), or a vector containing the TLK1 ORF with a Gal1 promoter (Ycp-TLK1B), were cultured in complete synthetic liquid media (SD-Dextrose, -met, -trp) overnight at 348C. Cells were resuspended in 2% ranose and 2% galactose to an OD 600 of 0.30 and allowed to continue growth for 3 h at 248C. 1610 4 cells were resuspended in 200 ul of 2% ranose/galatose culture media and placed on ice. Cells were then exposed to 0 (control), 30 K, 60 K, or 90 K Gy of b-radiation from a Varian Clinac 2100EX at settings of 1000 Mu/min and an energy delivery of 12 MeV of e 7 , covered with a 1.0 cm bolus. Gantry and call angles were both set at 1808C, with a cone of 15615 cm. Serial dilutions of each sample were then suspended in 6 ml of a 2% top agar and spread on SD complete medium with proper selection. Plates were incubated for 2 days at 248C and the colonies were counted and expressed as percentage of the number of colonies formed in the non-irradiated samples. The number of colonies was determined from equal scanned areas with the aid of an imaging program (MetaMorph).
